Abstract: we report on a highly efficient grating coupler between an optical fiber and a silicon photonic circuit. Using layers of Si/SiO2 as a Bragg mirror and amorphous Si we have measured a coupling efficiency of 69.5%.
Introduction
Due to the high refractive index contrast, Silicon-on-Insulator (SOI) technology is an attractive platform for compact integrated photonic circuits. SOI is also CMOS-compatible and has created widespread interest not only in the photonics community, but also in the electronics world to integrate photonic functions in the next generation of high speed processors. However, efficient coupling in and out of a silicon circuit remains a challenge, due to a huge mismatch between the optical fiber mode and the nanophotonic waveguide mode.
Several attempts were made to find a solution to this problem [1, 2] . While inverted taper couplers with overlay provide large bandwidth and efficiency, often they require post processing and can not be used for wafer scale testing [2, 3] . Grating couplers are an attractive solution for wafer scale testing, since light can be coupled out of plane [1] . To increase the efficiency, the light radiated towards the substrate can be reflected upwards by using a mirror. This mirror can be a metal layer or a Bragg mirror. Using gold as bottom mirror an efficiency of 69% was demonstrated for a 10 by 10µm grating coupler [4] . This process involves bonding and substrate removal, which is complex and expensive, and since gold is being used, this process is not CMOS-compatible.
In this paper, we reflect the downwards radiating light by using a stack of amorphous-Si/ SiO 2 Bragg bottom reflectors. The waveguides were fabricated on a 200mm Si wafer with CMOS-compatible fabrication processes. The temperature of each fabrication step was kept under 450°C to make the process CMOS back-end compatible. We demonstrate a coupling efficiency of 69.5% between an optical fiber and a SOI waveguide.
Design
We optimized the coupling structure with a particle swarm optimization algorithm for a silicon waveguide core thickness of 220nm. The field profile of the optimal design is shown in Figure 1 . 
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The period of the grating is 630nm with a duty cycle of 50% and the etch depth is 70nm. The number of grating periods is 25. If the thickness of the SiO 2 buffer layer is 1.44µm, the Bragg mirror will reflect the light constructively. The fiber is tilted under an angle of 10 degrees to avoid a large second order reflection. For this angle the optimal waveguide width of the grating is 15µm. The refractive index of the surrounding medium is 1.45, which corresponds to SiO 2 or Index Matching Fluid (IMF). Theoretically the coupling efficiency is 82% for TE polarized light at 1550nm (see Figure 1 ).
Fabrication and characterization
The grating fiber couplers with bottom mirrors were fabricated on a 200mm Si wafer. First a 1µm SiO 2 isolation layer is deposited on a bare Si wafer. Then the Bragg mirror, consisting of two 112nm layers of a-Si and a 267nm layer of SiO 2 are deposited. On top of the Bragg mirror a 1.48µm of buffer SiO 2 and a silicon layer of 205nm, were deposited [5] . The grating couplers and waveguides were fabricated using 193nm optical lithography and dry etching [6] .
The coupling efficiency is characterized with a fiber-to-fiber measurement. The test structures consist of identical input and output gratings couplers connected by a waveguide. Fiber-to-fiber transmission is measured by launching light into the input coupler from a single mode fiber connected to a broadband light source (SLED) and the light from the output coupler is captured by another single mode fiber connected to a spectrum analyzer. Both the fibers were positioned at an angle of 10 degrees to the sample normal and index matching fluid was applied between the optical fiber facet and the fiber coupler to avoid reflections at the fiber facets. The measured coupling efficiency is 69.5% for a single grating coupler with a 1dB-bandwidth of 36nm and a 3 dB-bandwidth of 63nm (Fig.  2) . The simulated efficiency for the fabricated device is 76% as shown in Figure 1 . The non optimal waveguide width of 10µm explains 5% of the difference in coupling efficiency between measurement and simulation. 
Conclusion
We have demonstrated a highly efficient grating coupler between optical fiber and silicon waveguide. Experimentally we have measured a coupling efficiency of 69.5% for grating couplers with Bragg bottom mirror. High efficiency, low temperature and, wafer scale approach demonstrates its potential for high volume telecommunication and integrated electronic-photonics applications.
